introducing a wide spread in glass transition temperature (Tg) contributed by
the modifying polymer.

The previous work revealed that a controlling grafting mechanism, involving
primary radical attack to collagen,’#9 was precluded.l:? Instead, polymer was
shown to deposit, from coalescing emulsion particles, preferentially in layers near
panel surfaces to form coarse strongly adsorbed deposits around individual fibers
in fiber bundles that resisted benzene extraction. In the present work, me-
chanical properties were determined on selections from the large number of
experiments collected in the former studies.

Previous discussions of the mechanical properties of cotton and wool and other
natural fibers and fabrics containing grafted and deposited polymer, and included
as part of reviews,”1112 are pertinent to this work. In general, for treated cotton
fibers, tenacity,!3-16 break toughness,!3-15 and stiffness!3-15 generally, but not
always,17 decreased while elongation remained essentially constant with increase
in polymer content for high-modulus polymers at ambient temperature and
humidity. Similarly, treated cotton fabrics, while generally retaining these
properties, demonstrated additional good flex and flat abrasion resistance.15-1819
Wool fibers”20-23 and fabrics2 exhibited somewhat similar properties in spite
of differences in the tensile dynamics of untreated wool,7P.25:26 hyt these again
depended on the viscoelastic properties of the modifying polymer.

Leather possesses some of the characteristics of a natural fabric, although it
is much thicker and has a three-dimensional random weave.3 Diameters of the
individual fiber bundles vary (15-200 um) and consist of densely deposited fine
fiber bundles in an upper or grain layer; these bundles become abruptly coarser
and randomly interlocked in the lower corium or strength-bearing region of
cattlehide leather. However, size aggregation in the microfine region bears some
resemblance to cotton and wool.1:3

The mechanical properties of untreated leather have been reviewed?2? together
with aspects of viscoelasticity.28 Special studies on effect of location29-32 and
splitting,3 together with creep,3 hysteresis,3 and dynamic mechanical prop-
erties of collagen films36 and leather37 are available. The mechanical properties
of fibers teased from leather have also been reported.27:3839 While the effects
of polymer impregnants on mechanical properties have been studied,40-42 the
available articles on graft polymerization have produced only a few studies on
tensile strength and specific leather tests,43-45 including stiffness of grafted
sheepskins.6

In this article tensile strengths, elongations, tensile dynamics, tensile moduli,
and torsional moduli, the latter at 23°C and as a function of temperature, are
assembled on selections of the composites prepared in parts L, II, and III. Some
of the emulsion-prepared composites were isolated by methanol extraction (or
acetone and methanol extraction, controls) to remove water and preserve the
expanded matrix by minimizing apparent density. Others were then benzene
extracted to isolate the effect of the bound polymer alone. Selections were simply
air dried to stiffen the untreated controls by increasing their density. The effect
of polymer in preventing fiber aggregation could then be obtained. Finally, the
effect of volume fraction of modifying polymer on modulus ratios (between
composites and their controls) were treated qualitatively with current theories
for particulate and fiber filled composites.462,46b



EXPERIMENTAL

Starting Materials

As discussed in detail in part I of this series,23 the chrome-tanned cattlehide
panels used to make the composites for this article were approximately 0.23 cm
thick (5 oz) before polymer treatment and after acetone drying. The polymer
was introduced by emulsion polymerization in water-soaked panels, or by bulk
or benzene solution polymerization with bis-azoisobutyronitrile as initiator into
acetone dried panels, also as described in part I. The air-dried panels (controls
and polymer treated) were given no solvent treatment (acetone, methanol, or
benzene), but were dried in a forced air draft and then conditioned at 50% RH
prior to being tested. Because removal of water by solvent prevents stiffness,
the air drying increased stiffness.

Mechanical Properties

Tensile strengths, percent elongations, and tensile moduli were obtained on

_ an Instron tensile tester, model TTB, following leather-testing procedure ASTM

D2209-64 (reapproved 1970) at 23°C and 50% RH. Test specimens were taken

perpendicular to the backbone from panels cut at all consecutive locations

starting at the rump.27:29-31 The effect of natural variability was minimized by

pairing each treated panel with an adjacent untreated control. Initial tensile
moduli were taken from stress—strain curves with

E = (F/A)/(AL/Lo) (1)

where F is force in pounds, A is cross-sectional area in inches,2 and AL = L —
Lo, where L is the length corresponding to the force F, and where Lo is the initial
specimen length, both in inches. The modulus of the next linear portion of the
curve (see below) was obtained by a modification of eq. (1) as

Ef= (F/A)/[(L - lo)/(Lo + 1p)] (2)

where L is the length to break and [y is the extension increase after the initial
displacement in eq. (1) by extrapolation to the absissa.

Torsional modulus data were obtained by the method of Williamson*7; the
procedures used followed ASTM Standards D1043-61T, with the Clash-Berg
method.#8 The relation between these methods has beén discussed.*®

Definitions

The notations of parts I, II, and III were followed here. All references to the
starting polymers and the composite systems are by abbreviations for their
monomers, as follows: methyl methacrylate, MMA,; fixed composition copoly-
mer, n-butyl acrylate—methyl methacrylate, BA + MMA; and n-butyl acrylate,
BA. Weight fraction is w;, but volume fraction, ¢; follows the customary notation
used for composite materials.46246> Subscript 2 always refers to polymer and
subscript 1 to the leather matrix; E and E, to Young’s tensile and torsional
moduli, respectively. Rupture energies in Ib in. were taken from electronic in-

 tegration of stress-strain curves, with the data converted to ergs cm~3. All curve
fitting was done with an IBM 1130 computer.



General Features

Table I lists tensile strengths, elongations, rupture energies, and tensile and
torsional moduli at 23°C for about half of the emulsion-prepared methanol ex-
tracted composites (sections A, B, C) with a few selections of the corresponding
bulk or solution prepared composites for the BA + MMA system only (section
D). Data on MMA and BA bulk-solution prepared composites and on ben-
zene-extracted composites and other experiments missing from all of the sections
resembled the data in the table at similar compositions. Missing data are in-
cluded in more detailed treatments below. Table I lists only the average values
of the mechanical properties for all controls (experiment 1).

As will be seen, variability was large for individual control values; therefore,
relative trends are not always readily ascertainable by use of this average value.
Consequently, the experimental relative values between the composite and its
control 7'S/T'S; (and the corresponding modulus ratios) reflect actual behavior
more accurately. All systems showed either no change or slight decreases in
tensile strength compared to their controls for the majority of composites tested.
Extensions to break remained fairly constant compared to controls except at high
wy for MMA and BA + MMA composites, where they decreased. They were
uniformly higher than controls for BA systems.#6:43-45 Thjis is typical behavior
for polymer-grafted natural fibers and fabrics.”P11-24 The restrictive morphology
characteristic of these systems3 is clearly reflected in their tensile and torsional
moduli and, more importantly, in their relative values, E/E and E,/E,, re-
spectively. All three systems generally showed increased stiffness compared
to controls, (E;/E;y > 1), whether made in emulsion or bulk solution. However,
the order in d(E;/E;o)/dws was MMA > BA + MMA > BA. At higher ws,
stiffness ratios decreased slightly from their maximums as wg approached unity
for BA + MMA and BA. This aspect of the work is discussed in detail in the
following sections.

Considerable internal Inconsistancy and variability can be seen in the limited
data presented on properties with changes in ws in Table I. These trends were
more apparent when all of the available data were examined. This is attributed,
in large part, to natural variability of the untreated leathers, although the com-
plex processes affecting individual deposition probably played a role.12 As will
be seen, however, statistical correlation of the data revealed mathematically
significant trends that are internally consistant and are generally in harmony
with current knowledge of composite materials, even though individual experi-
mental variation was sometimes considerable.

Tensile Strength and Tensile Moduli

Typical stress—strain curves are presented in Figure 1. (A) is the curve for
the average of the untreated controls. It is typical of split cattlehide. The initial
relatively low modulus, Young’s modulus E [experiment (1), Table I], probably
reflects a preponderance of fiber conformational displacements, resisted largely
by frictional interaction accompanied by some drawn collagen fiber contribu-
tions?7.28:36.46b a5 fihers became taut in straining.?* The second or upper modulus
region, E [eq. (2)), is thought to involve mostly bulk straining, with its magnitude



reduced to the extent that fibers break or become untangled and slip. Figure
1, insert B, presents typical curves for composites of polymer composition, in-
creasing from curves 1 to 4, for the MMA and BA + MMA systems. At some
critical concentration that increased as T'g for the base polymer decreased, the
curve shape changed from that of the controls [Fig. 1(A)] and E became dis-
continuously large (curves 2 and 3) while E; decreased. This effect lead even-
tually (curve 4) to brittle failure.#6¢:46d  Specific experimental data for load-
extension curves are shown in Figure 2. Insert A illustrates the type of variability
found for the control samples whose tensile value is presented as experiment 1
in Table I Although these data involved an average for all locations in the hide
so that variability was maximized,29-32 the use of matched panels for controls
and treated samples only partially alleviated the uncertainty produced by the
natural variability. Beyond critical values of ws and ¢2, all MMA and BA +
MMA composites [Figs. 2(B) and 2(C)] showed the discontinuous increase in
initial modulus alluded to in Figure 1 (curves 2 and 3). Although the BA systems
[Fig. 2(D)] did not show this effect, their moduli were generally greater than the
average of the controls (dashed line). This appears to reflect the restriction
imposed on the fibers resulting from their being encased in polymer, which was
demonstrated to be the major morphology for these systems in part IIL3 Con-
sequently, the initial modulus increased appreciably with increasing polymer
content. In addition, the reduction in volume fraction of free space,! as polymer
content increased, further reduced the free movement of all fiber aggregates®
when the composites were strained. This is seen better from a correlation of the
tensile modulus ratios E/E as a function of the volume fraction of polymer, 2.
Before proceeding, ¢ requires definition.

The volume fraction of polymer in 1 g of emulsion-prepared polymer-leather
composite, regardless of isolation method, is given by!

¢ = W?/pp/(W2/Pp + Wi/pao) (3)

Consequently, the volume fraction of leatheris 1 — ¢ = ¢1, where W; = (W, +
W) w; with w; the weight fraction of the components. The quantities p, and
Pao are the apparent densities of polymer and leather, respectively. It was ob-
served in part I that density was, in principle, a simple linear function of ¢ and
followed, for 1 g of the composite Wy + W,

pa = 1/[Wi/pr + Walpp + ¢10(W1/pa0)] = ¢1 pao + ¢2 pp 4)

where p, is the real density of leather, obtained by use of a helium air pycnom-
eter,! and ¢y is the volume fraction of free space in the initial leather, having
a density pgo. However, a vertical shift between experimental data and the
theoretical curve of eq. (4) required introduction of a small factor (pao/ pi) to
account for initial filling of small pores. With this correction, for 1 g of com-
posite, .

Pa = 1/{W1i/pr + WZ/pp + [¢f0(W1/Pa0)PaO/pi]} (5)
Consequently, the volume fraction of polymer ¢2 becomes
b2 = Walpp/iWa/pp + Wi/pr + [df0( W1/pa0)lpao/ pi} (6

As discussed previously,! average values for untreated leather densities for
emulsion systems and bulk-solution systems were slightly different; both are
listed with other leather constants in Table I1.



Tensile Strengths, Elongations, Rupture Energies, Tensile and Torsional Moduli, and Composite-Leather Moduli Ratios for Selected Data?

TABLE 1

Experi- Tensile properties at 23°C
ment Composition Extension Torsional moduli at 23°C
No. © we b2 TS, psi to break, % E?b, psi E/E ¢ TS/TS:¢ E;, psi E; ¢, psi E/Ey
(A) Poly(methyl Methacrylate)-Leather Composites, Methanol Extracted
1 od 0 1,722 61.3 1,290 1 1 1,944 1,944 1
2 0.103 0.0543 1,725 44.3 5,550 4.18 1.03 1,300 980 1.33
3 0.258 0.145 1,560 42.8 8,980 5.51 0.650 7,800 1,500 5.20
4 0.470 0.288 1,395 31.5 41,400 20.5 0.542 29,000 1,430 20.3
5 0.657 0.439 918 3.5 39,400 25.2 0.461 37,000 1,200 30.8
6 1.0 1.0 7,760¢ 5.0¢ 220,000¢ 165.7 4.51 540,000 1,944 27.8
(B) Poly(n-Butyl Acrylate-co-Methyl Methacrylate)-Leather Composites, Methanol Extracted

7 0.0875 0.0478 2,105 55.5 3,335 1.48 0.907 2,800 2,300 1.22
8 0.184 0.105 1,305 . 51.8 5,430 1.67 0.653 4,600 1,600 2.88
9 0.304 0.182 1,230 31.0 12,800 3.68 0.898 12,000 970 ~ 124

10 0.523 0.344 1,950 30.0 16,000 12.8 0.692 15,500 2,400 6.46

11 0.601 0.411 1,440 24.8 12,500 8.03 0.850 14,000 1,620 8.64

12 1.0 1.0 2,113¢ 275¢ 17,940¢ 8.85 1.123 2,300 1,944 1.183
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Fig. 1. Typical stress—strain curves showing characteristic linear regions. (A) Averaged curve’
for all untreated controls. (B) Typical composites selected as follows: curve 1, MMA, w, = 0.182;
curve 2, BA + MMA, w, = 0.280; curve 3, BA + MMA, w; = 0.523; curve 4, MMA, wy = 0.504.

For composites made by the bulk or solution technique (Table I), where
polymer was formed exclusively in the unswollen leather matrix, depletion of
free space occurs rapidly with ws increase. Consequently,

b2 = Walpp/(Wa/pp + Wi/pay) (7

where pq’ is the density of 1 g leather with its free space partially occupied by
depositing polymers!;

Pad’ = 1/{1/pr + [#70 (1/pa0) = (Wa/pp)o,/ppl} ®

Thus, egs. (6) and (7) yield a common parameter ¢; that enables both preparation
methods to be compared without the conceptual difficulty imposed by different
residual free-space volumes inherent in the use of wo.

To correlate experimental modulus ratios directly, the equation

In(E/E1) = [In (E/ED]o + aps ~ B3 + v 9)

was found by computer estimate to fit all of the data significantly, even though
Y was often zero. Because [In(E/E 1]o was close to zero, all data were forced
through the origin.

Tensile modulus ratios are plotted against ¢ in Figure 3. (A) (MMA) illus-
trates the considerable scatter, especially severe because the logs of the modulus
ratios are used. Of special significance is the common correlation with ¢2 of all
tensile modulus data, regardless of the method of preparation. Figs 3(B)-3(D)
which present data [fitted by eq. (9), solid line] for MMA, BA + MMA, and BA,
respectively, against ¢9, were all insensitive to the method of composite prepa-
ration. Thus, it was simply the depletion of free space, V,, in the matrix and
the interaction of polymer and collagen fibers that controlled the composite
modulus. Insight into this interaction can be obtained through the use of
equations originally derived to predict the mechanical properties of particu-
late-filled polymers. ’

A general form of several specific. equations useful for correlating modulus
ratios with composition for composite materials, such as those of Mooney,50
Kerner,5! and the equivalent equation of Haskin-Shtrikman,5? is that attributed
to Tsai® and Halpin,5 as modified by Nielsen?6a:46b.

E/Ey=(1+AB ¢9)/(1 =By ¢5) (10)
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TABLE II
Comparison of Leather Constants

Constants Used in this Article

Untreated leather controls Modifying polymer densities, g cm=3
Parameters Emulsion Solution MMA BA + MMA BA
Pa0 g cm™3 0.5556 + 0.027 0.6241 + 0.037 1.146 1.103 1.072
ofo 0.6125 0.5648 . T; = 110°C T; =18°C T; =—49°C
Pao/pi 0.9238 Tg =105°C T, =8°C T, =-54°C
prgcm™3 1.434

Halpin-Tsai Equation [eq. (10)] Constants

Tension Torsion
System  Temp., °C A B Ey, psi Eq, psi2 A B Eypsi  Eq, psi
MMA 23 70.44  0.697 220,000 1,328 42.53 0.864 540,000 1,944
BA + 23 17.90 1.0 © 2,028 27.63 1.0 © 1,944
MMA
BA 23 0.884 1.0 @ 1,841 0.324 1.0 ® 1,944
All data T; — 50 69.69  0.7218 315,000 1,708
All data T; +50 2.95 1.0 ® 1,203
Air-dry 23 103.5 0.862 870,200 1,328 268.2 0.625 870,200 1,944
controls
Modified Halpin-Tsai Equation [eq. (I 7)] Constants
Tension Torsion
System E,, psi E,, psi In(E,/E.) Ep, psi E., psi In(E,/E.)
MMA 220,000 870,200 —1.358 335,000 870,200 —0.9546
BA + MMA 17,940 870,200 —3.882 2,300 870,200 —5.936
BA 13.1 870,200 —11.104 61 870,200 —9.566

2 Average of control moduli for each system.
b Computed by use of eq. (16).

where E is any modulus, (shear, Young’s, or bulk) and E is the modulus of the
matrix. For reinforced rubbers, E; is the softer component. The constant A
accounts for the geometry of the filler phase and Poisson’s ratio of the matrix.
Thus, A is related to the Einstein coefficient % £ of the viscosity equation

n=n1(1+kgey) . (11)

which increases as the filler geometry passes from spheres (kg = 2.5) through
elongated ellipsoids to rodlike agglomerates. For example, when aspect ratios
were 16, kg > 10.462 Thus, A is defined in terms of kg as

A=kg—-10 (12)
As the magnitude of A increases toward A = «, increased parallel packing is
implied*62.55; ag A approaches zero, series packing is dominant. Thus, 4 is a
fairly sensitive indicator of the type of packing involved in the composite. The

quantity B, on the other hand, accounts for the relative modulus of the filler and
matrix phases; its value is nearly 1.0 for large Eo/E ratios

B = [(Eo/Eq) = 1]/[(Eo/Ey) + A] (13)

The quantity ¥ in eq. (10) is related to the maximum packing fraction ¢,, of the
filler462 above, in which phase inversion commences, through

y=1+ [(1 - ¢m)/¢m2]¢2 (14‘)
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and

V3 =1 — e~ 92/[1-(92/¢m)]

because ¢, is a reduced volume fraction. Consequently, as ¢, = 1, — 1, and
phase inversion becomes forbidden.

In the broadest sense, untreated leather can be considered to be a composite
of fibers which are free to move with frictional constraints in restricted free space
within limits imposed by attachment to a continuous matrix. Under strain, this
free space is reduced and the modulus rises [Figs. 1(A) and 2(A)] as frictional
restraints and orientation effects retard further straining. Polymer or any type
of penetrating liquid also reduces free space so that the modulus should be ini-
tially increased if that liquid is viscous enough. As seen in Figures 3(B)-3(D),
interaction between polymer and bulk fiber becomes increasingly important as
¢2 approaches unity and as V,, approaches zero leq. (6) or eq. (7)], thus altering
curve shape for different systems.

Correlation of the data (Table I) with the Halpin-Tsai equation (Fig. 3, wide
dashed lines) was accomplished by arbitrarily designating the untreated leather
to be the soft component with modulus E 1, and the polymer to be the particulate
filler, of modulus Es. This clearly violates assumptions concerning isotropic
purity of the phases®2 and discreteness of the domain sizes_562 It is justified
merely as a convenient empirical relation having some theoretical significance
under special circumstances, and because macrodimensional domain sizes do
not seem to alter relative moduli appreciably.55

The quantity A was estimated for all three systems [eq. (10)], curve fitted in
Figure 3, from moduli ratios taken at o2 of 0.2 by use of eq. (9), with the reason-
able assumption that ¢, and, therefore ¥, is unity. . Values of B [eq. (13)] and
A are listed in Table Il. For MMA the fit of the curve (wide dashed line) in insert

"B is reasonable over all $2 and the magnitude of A implies mostly parallel
packing. This appears to be logicalé22 for a morphology where, with increasing
@2, free space is reduced! (abruptly decreasing the influence of the initial leather
matrix) and where fibers, aligned more or less parallel, are restricted by en-

- casement in a hard polymer. Thus, rapid and continuous increase in modulus
with wg increase is expected. Because of the unrealistic assignment of B required
to fit relative data at ¢ = 0.2 for BA + MMA in Fig 3(C) and BA in Fig. 3(D),
values of A in Table II for these systems are merely empirical. The correlation
is useful, however, because stiffness behavior over the practical preparative range
of ¢21:24-6 can be predicted from only one or two experimentally determined
values of E/E;.

Relative tensile strengths (Table I) versus ¢2 are plotted freehand in Figures
4(A)—4(C) for all three composite systems. Noteworthy are the differences found
between emulsion-prepared systems (solid and dashed lines) and bulk-solution
systems (short dashed lines) especially for BA + MMA, [Fig. 4(B)] Analogous
behavior was found for a few rupture energies, Ep, for the MMA composites,
drawn freehand in Figure 4(D) and Figure 5. The reduction in ER with ¢s in-
crease for MMA composites continued until brittle failure dominated properties
at high ¢ (Figs. 1 and 2), as is characteristic of MMA homopolymer.46¢ While
all BA systems were relatively weak compared to leather [Fig. 4(C)] all were
apparently toughened (Figs. 5(C) and 5(D)]. This was implied by their increased-
elongations6.43-45 jn Table 1. However, because their tensile strengths were
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relatively small, much of the extra energy input was apparently consumed in
flow.

The preferential packing of emulsion-prepared polymer in layers in cattlehide,
constituting 20-60% of the cross section (discussed in detail in parts I and I1I and
mentioned in the Introduction), appeared to have little effect on the mechanical
properties, especially stiffness, when compared with mostly homogeneous
composites (bulk solution)3 for compositions of the same polymer volume frac-
tion, ¢o. Either the deformation energy distributed itself quickly throughout
the fibrous network in the emulsion systems, thus negating a skin effect,62 or
its effect was obscured by compensating inconsistencies in the bulk-solution
composites or by error range. A choice between these possibilities, and others
not mentioned, is not possible at the present time.

Air-Dried Composites and Controls

Mechanical data similar to those in Table I are presented for air-dried com-
posites and their controls in Table IIl. While many of the data on the untreated
controls, notably tensile strength and extension, are similar in both tables, tensile
and torsional moduli at 23°C were 12 and 17 times larger after the controls are
air dried. Average apparent densities were 0.6492 g cm~3 for air-dried samples
compared to 0.5556 g cm~3 for those acetone dried. Air drying appeared to raise
moduli greatly by a combination of free-space reduction and increased fiber
surface interaction; the latter especially serves to increase the apparent coefficient
of friction between adjacent fibers. Polymer of small ws has little effect (E/E,,
and E,/E;; < 1), but ultimately, at higher ws, the polymer phase viscoelasticity,
inherent in their respective vitreous transitions, assumed control of all systems.
The dynamics of this may be seen in Figure 5. Force-extension curves for un-
treated leathers, insert A, now resemble those of polymer-treated leathers [Figs.
1,2, and 5,(B) and 5(C)]. In fact, BA composites were all much softer than their
controls [Fig. 5(D)], indicating the primacy of the polymer component here in
affecting mechanical properties for these systems. From this discussion, the
analogy between space reduction, fiber aggregation, and polymer retardation
of fiber movement is obvious; this phenomena is treated further in the last section
of this article.

Torsional Modulus—Temperature Curves

Torsional modulus-temperature curves for the two modifying homopolymers
and one copolymer used in this work are compared in Figure 6 with an average
computer-fitted curve for untreated leather controls (wide dashed line). The
latter relation was

InE,=InEyxy—aT (16)

From averages of slopes, o, and intercepts, In E;, obtained after computer fitting
each experimental control curve, the constants for emulsion controls were In E;,
7.653 psi; a, 3.50 X 1073, These constants were used to draw the curves in Figure
6. However, the limits of vertical variability (bars) in this curve were again great.
Inflection temperatures, T}, assumed in this work to be T, + 5°C,57 were taken
at 14,500 psi (10° dyne cm~2)58 and are marked by slashes on the polymer and



“TABLE III
Mechanical Properties of the Air-Dried Composites and their Controls

Tensile properties at 23°C

Extension
Experiment  Composite composition to break, Torsional modulus at 23°C
No. wa b2 TS/TS, % E, psi E,, psi E/E, ‘ E., psi E,1, psi E;/E.;
(A) Poly(methyl Methacrylate)-Leather Composites Air Dried
1 0 0 1.02 38.1p — 15,700 1 — 32,000t 1
2 0.127 0.069 1.0 47.5 4,660 13,100 0.355 18,000 31,200 0.577
3 0.331 0.191 0.764 32.8 8,650 7,205 1.20 29,400 29,300 1.01
4 0.478 0.292 0.744 2.8 49,400 17,600 2.81 103,000 39,500 2.61
5 0.616 0.404 0.536 3.0 42,900 17,800 2.41 185,000 51,000 3.63
- (B) Poly(n-Butyl Acrylate-co-Methyl Methacrylate)-Leather Composites, Air Dried
6 0.110 0.061 1.03 51.5 5,510 18,600 0.296 8,400 14,100 0.596
7 0.169 0.97 1.01 425 10,100 22,000 0.459 13,800 24,000 0.575
8 0.372 0.206 0.938 30.5 16,900 22,100 0.765 22,000 37,000 0.595
(C) Poly(n-Butyl Acrylate)-Leather Composites, Air Dried
9 0.079 0.044 1.04 64.5 7,040 12,700 0.554 13,300 28,000 0.475
10 0.199 0.117 1.33 90.0 6,200 8,550 0.725 6,600 30,000 0.220
11 0.314 0.194 0.891 68.0 5,410 13,700 0.395 6,500 25,000 0.260

2 The average air-dried control tensile strength was 1,871 psi.
b Average values.
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Fig. 6. Torsional moduli (E;2) vs. temperature curves for base homo- and copolymers of this work
(solid curves) and average curve (E;;) for methanol- and benzene-extracted leather controls, cal-
culated using eq. (16). Slashes indicate approximate inflection temperature, T}, at 14,500 psi (10°
dyne em™2) T, estimated as T; ~5°C (Table IT). Bar denotes extremes of variability of leather ap-
parent moduli at 23°C.

copolymer curves. The large modulus span encompassed by the typical polymer
curves contrasts dramatically with the featureless leather curve,25365% where
transitions, other than those associated with water losses,?® are not seen till a
temperature of 175°C2 is reached. The contrast is severly reduced (Fig. 7) when
selections of emulsion-prepared and methanol-extracted composites are com-
pared. The figure reveals stepped modulus-temperature curves?46e.56b.58 typical
of composites possessing marked phase incompatibility. In confirmation of this,
T, values (downward arrows) were insensitive to changes in eomposition for each
composite type. The upper deflection of the curve assemblies, produced by
passage through the collagen T, region (198°C),?® were not reached in the ex-
periments. However, these curves are anomalous in that at temperatures sub-
stantially below T, (T, — 50°C) equilibrium composite moduli were affected
by composition. They did not reach a common plateau modulus of around 3 X
1010 dyne em~2 (435,000 psi)3é» typical of conventional composites. In contrast,
compositional insensitivity was exhibited by these composites at temperature
above their T;. The composite plateaus, especially BA + MMA and BA, fall
near that of leather regardless of composition. These anomalies suggest loose
averaging of mechanical behavior from two independent systems rather than
reflecting weighted contributions from mixed isotropic microdomains. The
residual free space remaining as polymer content is increased'-3 appears to be
reasponsible for the apparent anomalies; each system is, in effect, a tricomponent
composite of collagen, air, and polymer.

Differences between modulus—temperature curves for emulsion-prepared and
bulk-prepared composites may be seen in Figure 8. At similar wg, the bulk-
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Fig. 7. Torsional modulus-temperature curves for selections of composites for three systems with
varied composition, ws (Table I). Solid lines represent data for MMA; dashed lines for BA + MMA;
broken lines BA. Numbered curves have polymer compositions, ws, as follows: curve wy: (4) 0.182;
(5) 0.235; (8) 0.470; (13) 0.184; (15) 0.304; (17) 0.523; (23) 0.208; (26) 0.303. Arrows indicate estimated

T, for parent polymer from Fig. 6. Short dashed line is average rate of change of modulus for controls,
as in Fig. 6.

prepared composite exhibits more polymer character (Fig. 8) than its emul-
sion-prepared counterpart. In contrast, at similar ¢2 (curve 3) both curves are
similar in shape. This again reflects the smaller amount of free space present

10

Ey (psi)

10° 1 1 1 1

-100 -50 0 50 100 150
T (°C)

Fig: 8. Torsional modulus-temperature curves for bulk-prepared BA + MMA composite of ws
=0.543, curve 1, and emulsion-prepared, methanol-extracted BA + MMA composite of we = 0.579
(¢2 = 0.382), curve 2. Curve 3 is solution prepared BA + MMA composite of ¢ = 0.399 (we = 0.442).
Curve shifted down vertically to allow for differences in controls for two systems (Table IT).



in bulk-solution systems when compared with emulsion systems at similar ws
because they have greater density.!

In analogy with the data for tensile moduli ratios at 23°C in Figure 3, torsional
moduli ratios at 23°C are displayed in Figure 9. The usual experimental scatter
and system insensitivity [Fig 9(A)] were again found. Curve-fitted data [solid
lines in Figs. 9(B)-9(D)] and Halpin-Tsai [eq. (10)] curves (wide dashed lines)
and constants (Table II) are similar to those found for tensile moduli ratios.
Consequently, only MMA composites suggest largely parallel mixing; the other
system constants in Table II are empirical and the curves are accurate for only
a portion of the composite compositions. Reduced moduli ratios at T; —50°C
for all of the torsional moduli data for all systems (MMA, BA + MMA, BA, in-
cluding all methods of preparation and isolation) fell near a common curve [Fig.
10, (A)]. Although scatter was great, data for the various systems were com-
pletely randomized. Curve shape and Halpin-Tsai constants (Table II) re-
sembled those for high-modulus polymers [MMA, Figs. 3(B) and 9(B)], as would
be expected. The same collective data, reduced to T; + 50°C [Fig. 10(B)] now
resembled curves for BA modification at 23°C [Figs. 3(D) and 9(D)]. Thus, with
T; used as the reference temperature, all three acrylate polymers modified the
mechanical properties of leather to a similar extent when prepared with the same
polymer volume fractions, regardless of method of preparation or solvent
" treatment.

Relation between Fiber Aggregation and Polymer Deposition

In the previous discussion, it was observed that fiber aggregation in air-dried,
untreated controls resembled polymer deposition in both raising tensile modulus
ratios (compared to acetone dried controls) and sample densities. Thus, both
treatments reduce free space and introduce transient restraints between fibers
to elevate modulus. Similar behavior was found for torsional moduli (Tables
Iand ITI). The modulus of the average expanded matrix resulting from acetone
treatment of untreated leather [Table I, experiment (1), E;1] was taken as a
reference modulus in torsion (E;;) and the average air-dried modulus for controls
E, was obtained from Table III (32,000 psi). With these moduli, the average
relative modulus, In (E;/E;1), was used together with the fractional increase in
density (pe — Pa1)/(Pa2 — Pa1) (0.1024 in this work) to calculate empirical Hal-
pin-Tsai constants (Table II). Modulus ratios for eq. (13) were E1, 1,944 psi,
and Es, 870,20028 for pure collagen. The resulting plot [Fig. 11 (A)], defined in
‘a narrow-density range by experimental moduli and densities for the air-dried
controls of Table III, suggests that all modulus rise is produced by space loss.
Because enhanced frictional restraints resulting from increased fiber contacts
are ignored, this cannot be true. Consequently, the characteristic constants A
and B, in Table II, are empirical. Use of fractional density increase in the absissa
[Fig 11(A)] is justified, however, because pa = pao + (Pa2 — Pa1) P9, in agreement
with eq. (4). Data of Witnauer and Palm®? on finished leather compressed to
various densities gave qualitatively similar increases in modulus but extending
over a much wider range of fractional density increase than shown in Fig. 11(A).
With these assumptions and qualifications, a modified Halpin-Tsai equation
is presented that attributes modulus rise with ¢, for all systems (Figs. 3 and 9)
to space loss coupled with enhanced fiber surface interaction, accompanied by
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Fig. 10. Log of torsional modulus ratio In(E:/E:1) vs. ¢ for insert (A), combined data (methanol-extracted, benzene-extracted, bulk-solution) of all systems (MMA,
BA + MMA, BA) at T; —50°C. (B) Same as (A) but at T; +50°C. Bars denote extremes of experimental scatter.
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a simultaneous modulus change attributed to neat polymer—fiber composite
viscoelasticity. The equation is '

Ei/E;1 = [(1 + AB¢2)/(1 — AY¢9)] + Cé1 + ¢ 1n (E/E.) aam

where C = K In(E}/E,), K is a constant, and E. and E}, are the moduli of collagen
and the modifying polymer, respectively (Table II). For a reasonable fit of eq.
(17) to the data in Figs. 11(B)-11(D) the constants A and B of'insert A (Table
II) were used. Dependence of In(Ej,/E.) for MMA was constant at all ¢, so that
¢2 = C’ = 1.0, and K was zero for both MMA and BA + MMA systems [Fig.
11(C)]. For BA [Fig. 11(D)] C was 0.2. These required changes in the adjustable
parameters indicate the considerable influence that soft polymers have on re-
ducing stiffness in leather. The curves calculated by use of eq. (17) (wide dashed
lines) show fair agreement with the computer-fitted curves [solid lines, eq. (9)]
for torsional moduli ratios. They were less successful, however, with tensile
moduli data shown as the short dashed lines in Figures 3(B)-3(D) for the same
composites. Thus, eq. (17) specifies that the modulus ratios for compressed
leathers are initially raised by space depletion necessarily accompanied by seg-
mental fiber interactions that persist, conceptually, until the bulk-collagen state
is reached as free space vanishes. For the polymer-leather composites, polymer
encasement of fibers and fibrils performs the same function but simultaneously
involves the complex relaxation spectrum of neat collagen-leather composites
for estimating the relative moduli as composition changes. The terms to the
~ right in eq. (17) express this effect empirically.

~ Recasting of the function ¢, In(E./E},) in terms of the Halpin-Tsai constants
for BA + MMA composites gave A = 11.4 and B = 0.968 if { is accepted as unity.
This suggests a combination of parallel and series mixing contributions for the
association between polymer and collagen. It was shown previously (Table II)
that mostly parallel mixing of segmentally aligned fibers characterized fiber
aggregation. The presence of polymer appears to introduce more isotropic
character to polymer—leather composites by intervening between fiber surfaces.
Finally, eq. (17) might also predict the mechanical behavior of leather-impreg-
nant mixtures42 and, perhaps, that contributed by fat liquoring agents.?* The
latter act, in low concentration (6-15%), as low-molecular-weight oil dispersants
which prevent fiber aggregation in air drying. While these are generally con-
sidered to be lubricants, they may actually function as components of composite
materials, and thereby, alter collagen surfaces.

SUMMARY AND SIGNIFICANCE

Mechanical properties were obtained on selections from the polymer-leather
composite materials prepared in parts I, I, and III. The information presented
in this article has already been treated in the synopsis. The significance of these
polymer-modified systems in terms of effect on leather properties and as ex-
amples of unusual composite materials can be summarized as follows.

These systems, and other similar fibrous compositions, are examples of com-
posite materials composed of three phases, two of which are continuous, one
polymeric, and the other fibrous, interspersed by free space that is gradually
depleted as polymer content increases. As polymer content was incrementally
increased for all three systems in this work, relative stiffness between composite



and untreated control always increased at low-volume fractions of polymer. - This
was shown to result from the peculiar morphology present, wherein polymer was
dispersed in rather coarse domains around individual fibers situated in fiber
bundles, leaving the fine structure relatively polymer-free. This type of packing
restricted fiber motion and increased composite stiffness. At higher polymer
contents, however, the expected more intimate interaction between polymer and
fiber, which is more influenced by the glass transition of the modifying polymer,
determined the relative stiffness. Figures 3 and 9-11 illustrate these trends.
The effect of the modifying polymer on the dynamics of the stress—strain curves
resulting from the morphology and polymer content are presented in Figures
1,2,and 5. It was further observed that any type of filler that reduced matrix
free space and encouraged fiber-to-fiber bonding also increased relative stiffness
(Figs. 2 and 5). With due allowance for subsequent polymer—fiber interaction,
these ideas were incorporated into eq. (17). Finally, the effect of temperature
also reflected a tricomponent system composed of polymer, collagen, and free
space (Figs. 6 and 7). Both composite systems studied (emulsion deposited and
bulk-solution prepared) were rheologically similar when correlated against the
volume fraction of polymer used because both contributed similar morphology
to the systems.

The authors thank Mr. Americo A. DeMarchis for some of the tensile data and Mrs. Sandra P.
Graham for the computer calculations.
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